A kind of flux-weakening control method based on speed loop structure-variable sliding mode controller is proposed for interior permanent magnet synchronous motor in electric vehicles. The method combines maximum torque per ampere with vector control strategy to control electric vehicle's interior permanent magnet synchronous motor. During the flux-weakening control phase, the anti-windup integral controller is introduced into the current loop to prevent the current regulator from entering the saturated state. At the same time, in order to further improve the utilization rate of the direct current bus voltage and expand the flux-weakening regulating range, a space vector pulse-width modulation over-modulation unit is employed to contravariant the direct current bus voltage. Comparing with the conventional proportional-integral controller, the proposed sliding mode control algorithm shows that it has more reliable control performance. In addition, more prominent flux-weakening performance of the proposed flux-weakening method is illustrated by numerical simulation comparison.
Introduction
Recently, the interior permanent magnet synchronous motor (IPMSM) has been widely used in highperformance applications due to its advantages, such as small volume, high efficiency, as well as high power density. 1, 2 In the electric vehicle driving system, the motor speed should closely follow a specified reference trajectory, regardless of any load disturbance, parameter variation, and model uncertainty. Additionally, a wide speed range covers the constant torque, and the constant power region is desired.
For electric vehicles, there exist inevitable interferences such as current coupling, friction force, parameter variation, as well as load disturbance during the running process. Due to the presence of these interferences, it is difficult to describe IPMSM with accurate mathematical model, and it is hard to quickly suppress these disturbances with a linear control method. Structure-variable sliding mode control is a kind of nonlinear control method which could self-adjust in accordance with the current state of the system. It does not require accurate mathematical model and can purposefully force the system to move according to the scheduled sliding mode trajectory. The sliding mode trajectory can be set artificially in advance, and it is irrelevant to the object parameters and disturbances.
When IPMSM runs below the base speed, the maximum torque per ampere 3, 4 (MTPA) is commonly used for constant torque control. The MTPA is often implemented using look-up table method or curve fitting method. With poor real-time performance, and high memory cell consumption, 5 the look-up table method has lower industrial popularity. The curve fitting algorithm is often used in engineering practice instead. In Dominguez 6 and Huang et al., 7 the curve fitting algorithm is adopted to decompose the relationship among the quadrature-axis current, direct-axis current, and electromagnetic torque. The relationship between the quadrature-axis current i q and the electromagnetic torque T e is hard to be solved. Moreover, it is closely related to the rotor magnetic flux, the d-q axis inductance, and some other variable parameters. As a result, the curve fitting performance will be depressed by uncertainties of the parameters. In Jun-Jie et al., 8 they take the quadrature-axis current as the output of the speed loop controller, and then, the direct-axis current is decomposed according to the relationship of the d-q axis current in MTPA algorithm. But, the relationship between the electromagnetic torque and d-q axis current is not considered, so this method cannot coordinate current with torque. Inspired by Jun-Jie et al., 8 adopting the idea of feedback in this article, we regard the rotation speed error as the input of the speed loop sliding mode controller (SMC). In addition, we take the decomposed electromagnetic torque, which is implemented by sliding mode algorithm, as the output of the controller. After that, the quadrature-axis current is decomposed according to its relationship with the electromagnetic torque. And then, the direct-axis current is decomposed according to its relationship with the quadrature-axis current. By this way, not only the current is coordinated with torque but also the computation cost is significantly reduced.
When IPMSM runs above the base speed, the fluxweakening (FW) algorithm is usually employed to implement constant power control. Common methods for FW control strategy include formulation calculation method, 9 gradient descent algorithm, 10 look-up table method, 11 and negative i d current compensation method.
12 Negative i d current compensation method has been widely used in practice because it does not need motor parameters, and the algorithm is simple and reliable. In previous studies, [13] [14] [15] the negative i d current compensation method is used to study IPMSM FW control. In the above-mentioned documents, however, IPMSM running performance below the base speed is not analyzed specifically, and the system instability resulted from the voltage saturation of current regulator and the d-q axis current coupling is neglected during FW control phase.
Based on the existing research results, a kind of FW control system combined with the rotor field-oriented vector control algorithm is proposed in this article. The combination of the MTPA algorithm and the FW algorithm improves the performance and efficiency of the electric vehicles by regulating the current of the motor in the whole running process. To consider the constraint of the battery capacity of the electric vehicles and to improve the utilization rate of the direct current (DC) bus voltage of the inverter, a kind of space vector pulse-width modulation (SVPWM) over-modulation method is adopted. Meanwhile, a kind of feed-forward compensation method is introduced to realize the decoupling control and then improve the dynamic response of the current regulator. In order to depress motor's internal and external interferences, and to achieve faster response, stronger adaptability, and higher control precision, a kind of SMC is designed to replace common proportional-integral (PI) controller. To prevent the voltage saturation of current controller, a kind of anti-windup integral controller is employed to improve the dynamic performance of the loop.
Model of IPMSM
The mathematical model of IPMSM in the d-q synchronously rotating reference frame can be obtained from the three-phase synchronous machine model. Due to the constant field produced by permanent magnets, the field variation is zero, and the following are assumed:
1. Saturation and losses of the core are negligible. 2. The induced electromotive force (EMF) is sinusoidal. 3. There is no dampener winding on the rotor.
Under these assumptions, the voltage and electromagnetic torque equations are
In which, R s is the armature resistance; p = d=dt is the differentiating operator;
, and L q are the rotor d-q axis components of the armature voltage, current, and inductance, respectively. In v e = n p Á v r , v e is the electrical angular velocity, n p is the number of polepairs, and v r is the mechanical angular velocity of rotation. c f is the flux linkage due to rotor permanent magnet.
The torque balance expression of the three-phase IPMSM is presented as follows
where J is the rotational inertia, T e is the electromagnetic torque, and T L is the load torque.
The design of the SMC
Assuming that the speed error is e, e = v Ã e À v e . According to formula (3), we have
where e is the change rate of the speed error and e is the second derivative of the speed error. Commanding A = n p =J and U = T e , formula (4) can be rearranged as follows According to the Lyapunov's stability criterion, when V is positive definite and it has the continuous first-order partial derivative, as well as its first-order partial derivative is negative semi-definite, then the system is stable. In order to ensure s s \0, the sliding mode control law is designed as follows
Combining equations (5) and (6) yields the following
The above analysis shows that the designed control law can guarantee that the system gets to the sliding mode surface gradually and steadily. The design of the SMC is depicted in Figure 1 .
Constant torque control strategy
Using vector control method, the running regions of IPMSM include constant torque area and constant power area. The most common control strategy for constant torque area is MTPA, which can reduce the input current and cut the switching loss of the inverter by coordinating torque with current and meanwhile satisfy the required torque output. Thus, the MTPA algorithm is more suitable for IPMSM than other traditional method. Setting b as the phase angle between the space vector of armature current and the direct axis, the following formula holds
Substituting formula (8) into formula (2) yields the following
According to formula (9) , the relationship between the unit current electromagnetic torque and the current phase angle b can be defined as
The amplitude of i s is supposed to remain unchanged; when the electromagnetic torque T e in formula (10) reaches its maximum value, the condition of ∂f b ð Þ=∂b = 0 must be met, so
From the formula above, we have Substituting the formula above into formula (8), yields
Substituting the relationship i
q into formula (11) yields the following
If equation (12) is substituted into formula (2), then
If n p is set to be 4 (the number of pole-pairs is selected as 4 in simulations), we can get the following formula
Use equations (12) and (14) to build simulation model. The simulation design of MTPA is shown in Figure 2 .
Constant power control strategy
The design of the FW system
The armature voltage of the motor cannot exceed its rated value, and the internal back electromotive force (BEMF) must be lower than the rated value. The BEMF is proportional to the product of the air-gap flux and the speed, and then, to raise the speed, the airgap flux must be reduced. When an IPMSM is fed by an inverter, the armature current and voltage may not exceed the maximum inverter current and the voltage. These constraints can be expressed as
where and control strategy can be summarized in Table 1 .
Neglecting the armature resistance component in equation (1), the steady-state voltage equation can be expressed as
Substituting equation (16) into equation (15) yields
From equation (17), it is obvious that when the terminal voltage value Us has reached its upper limit value Us max , the speed v e can be increased only by adjusting the d-q axis current. The quadrature-axis current i q should be reduced, and the direct-axis demagnetizing current should be increased to guarantee that the direct-axis current i d is reduced simultaneously. Figure 3 shows the principle of the FW control. u, which ranges from Àp=2 to 0, is determined by the difference value between 1= ffiffi ffi 3 p and ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
through the PI controller. (When the system enters the
negative. In addition, u is expressed in radian system under polar coordinates and it lies in the forth quadrant, so it ranges from Àp=2 to 0.) u is then used to redistribute i q . i q Á sin u is the direct-axis demagnetization current, direction of which is opposite to the i d . Define 
The anti-windup integral controller
In this article, the back calculation and tracking (BCT) method is employed to compensate the integral windup. Figure 4 is the block diagram of the BCT scheme, where k a denotes the anti-windup gain. Once the controller output exceeds the actuator limits, a feedback signal is generated from the difference between the saturated and unsaturated control signals and is used to reduce the integrator input.
The d-q axis current decoupling
From the equation (1), we have 
By this way, the d-q axis current cross-coupling is eliminated in equation (22) and Figure 5 .
The SVPWM over-modulation unit
Comparing with sinusoidal pulse-width modulation (SPWM) method, SVPWM can degrade the switching loss and prevent the current distortion; therefore, it is widely used. But traditional SVPWM modulation method only has finite utilization rate of the inverter DC bus voltage, and it narrows the running region and degrades control performance of the motor. Considering the limit of the battery capacity, a kind of SVPWM over-modulation method is adopted to further improve the utilization rate of the inverter DC bus voltage. Over-modulation has two parts: over-modulation I zone and over-modulation II zone. As shown in Figure 6 (a), in over-modulation I zone, reference voltage vector U ref is partly located inside the regular hexagon and partly located outside the regular hexagon. As shown in Figure 6 In the first sector, for example, as shown in Figure 7 , U s1 is the voltage vector whose amplitude exceeds the linear modulation region and U s2 is the voltage vector whose amplitude exceeds the regular hexagon boundary.
When U s2 is OH j j, OE j j+ EH j jÁcos (p=3) = OF j j. At the same time, OE j j= OF j j= T x =T s , EH j j= OF j j= T y =T s , where T s is the sampling period, T x is the action time of U 1 , and T y is the action time of U 2 . So, we can use the formula above to judge whether the voltage vector located inside the polygon CDLJHF or not. At the same time, the following conditions must be met when over-modulation occurs 
or U s2 located outside the polygon CDLJHF, if T x .T y , we output U 1 and if T y .T x we output U 2 . So, the flowchart of the over-modulation implementation can be summed up as shown in Figure 8 .
The principle diagram of the FW control system
The complete control scheme of the proposed FW system in this article is presented in Figure 9 . The electromagnetic torque T e reference is determined by the SMC speed controller according to the speed error. It is then used to decompose the d-q axis current i d and i q by the MTPA algorithm. After that, the d-q axis currents and voltages and the DC bus voltage are fed to the FW module, whose outputs are the d-q axis current reference. The d-q axis voltage references are generated from the anti-windup integral controller. By inversing PARK and over-modulation unit, three phase control voltages U a , U b , and U c are obtained to drive the inverter and the motor. (PARK: The transformation from the two-phase a-b stationary reference frame to the two-phased-q synchronously rotating reference frame. Inversing PARK: The transformation from the twophase d-q synchronously rotating reference frame to the two-phase a-b stationary reference frame). 
The simulation analysis
Parameters in the simulation model are presented in Table 2 .
To verify the performance of the proposed FW control system, several simulation tests are implemented under different operating conditions. Figures 10-12 represent the output value of the speed, the torque, and the angle of the SMC system, respectively, in this article and the SMC system of traditional lead angle at the speed from 600 to 4000 rad/s. Figures 13-15 denote the output value of the speed, the torque, and the angle of the SMC system, respectively, in this article without the anti-windup integral controller and the over-modulation unit at the speed from 600 to 4000 rad/s.
Under the same operating conditions, the more negative angle system describes that the more the system's terminal voltage exceeds the maximum voltage, the deeper the FW level. This indicates that the system has lower utilization to DC bus voltage and has worse FW performance. Figure 10 . The speed reference and measured value at 4000 rad/s. Figure 11 . The electromagnetic torque output value at 4000 rad/s.
As seen from Figures 10 to 12 , under almost the same speed and torque respond, the absolute value of FW angle output of the SMC system in this article is smaller than that of the SMC system of traditional lead angle. The comparison demonstrates the effectiveness of the FW method in this article.
As shown from Figures 13 to 15 , if the original system does not have the anti-windup integral controller, the absolute value of FW angle output will obviously become larger. Meanwhile, when the motor starts at 0 s and accelerates at 0.2 s, the system will output a bigger torque because the current regulator has entered the saturated state at these moments.
In addition, if the original system does not have the over-modulation unit, the system will yield a bigger absolute value of FW angle. Besides, its speed and torque respond will begin to fluctuate.
The experiments mentioned above have illustrated that the anti-windup integral controller and the overmodulation unit are necessary and helpful to improve the IPMSM FW performance. The ability to track signals precisely and instantaneously is necessary for motor control. For this purpose, the speed reference is suddenly decreased from 600 to 24000 rad/s at 0.2 s in Figures 16 and 17 .
When a reverse speed reference signal leads to a reverse current, the SMC system of traditional lead angle becomes out of control. On the contrary, during the process when the speed forward accelerates from 0 to 600 rad/s and then reverses braking into 0 rad/s and again up to 24000 rad/s, the SMC system in this article can always run steadily. The results prove that the FW method in this article has more significant ability to regulate a negative current.
The ability to withstand disturbances is an important feature for IPMSM drive. For this purpose, the load As shown above, when a violent fluctuation of the load torque causes rapid current changes, the SMC system of lead angle becomes out of control. The measured speed and torque value of the proposed SMC system can always follow their reference value more smoothly and steadily than the PI system in this article. The results illustrate the validity of the proposed FW method and the SMC algorithm.
The ability to withstand the motor parameter variations is another important criterion of a control system. Experiments have been done in cases when the viscous damping coefficient F raises from 0 to 0.02 N m s in Figures 20 and 21 , and the rotational inertia J increases from 1e 2 2 to 6e 2 2 kg m 2 in Figures 22 and 23.
As shown above, with the increase in the friction and the rotational inertia, although other systems have tuned to give an optimum speed and torque respond, the SMC system in this article yields the most significant robust performance with smoother and smaller torque output. It manifests that the SMC algorithm and the FW method in this article contribute to enhance the system control performance.
When IPMSM runs above the base speed during FW control phase, the fluctuation of load torque and inductance parameters will influence the system stability and the FW properties. The relevant experiments have been shown in Figures 24-29 .
Figures 24-26 represent the output value of the speed, the torque, and the angle of the SMC system, respectively, in this article under different load torque reference at the speed from 600 to 4000 rad/s. As shown in Figures 24-26 , under the same operating conditions, the larger load torque reference results in the larger electromagnetic torque output value and the more negative FW angle. Furthermore, the more negative FW angle further indicates the deeper FW level and the worse FW performance. The simulation results illustrate that with the increase in the load torque reference, the system can be kept stable to a certain extent. But when the maximum load torque reference is increased to 25 N m, the response of speed, electromagnetic torque, and angle begin to deteriorate, and if the maximum load torque reference is larger, the system will tend to be out of control. In this case, we can increase the DC bus voltage U dc or the speed reference v Ã r to make the system restore stability.
Figures 27-29 represent the output value of the speed, the torque, and the angle of the SMC system, respectively, in this article under different inductance parameters at the speed from 600 to 4000 rad/s. Considering that the inductance parameters may vary significantly in some cases, in order to understand the impact of this change on the system stability, the new quadrature-axis and direct-axis inductance values are set as L Figure 28 , under the same operating conditions, when a = 2, the response of the electromagnetic torque can be kept stable, but when a = 5, the response of the electromagnetic torque begins to obviously fluctuate, and if a is larger, the system will tend to be out of control. As shown in Figure 29 , with the increase in the inductance values, the FW performance becomes worse. The simulation results show that with the increase in the inductance parameters, the change will not damage the system stability to a certain extent, but if the inductance parameters are changed too much, the system stability will deteriorate.
Conclusion
Compared with the PI system, the SMC algorithm can improve the IPMSM running performance with more stable speed and torque output in case of motor's internal and external interferences.
The anti-windup integral controller and the overmodulation unit contribute to strengthening the IPMSM FW properties with smoother speed respond, smaller torque, and absolute value of FW angle output.
When the speed reference, the load torque, the viscous damping coefficient, and the rotational inertia are changed suddenly, compared with other FW systems, the FW system proposed in this article with SMC controller has the most significant stability and powerful robustness to speed and torque respond.
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